While tissue perfusion and angiogenesis subsequent to acute femoral artery occlusion are suppressed in Nox2-/-mice, studies have not established the role of Nox2 in collateral artery enlargement. Rac2 is a small GTPase which binds Nox2 and activates the Nox2-based NAD(P)H oxidase, but unlike Nox2 is primarily restricted to bone marrow derived cells. In this study, we utilized Rac2-/-and Nox2-/-mice with a novel method of identifying primary hindlimb collaterals to investigate the hypothesis that collateral 
Introduction:
In the peripheral circulation, the dilation and enlargement of pre-existing vessels which form collateral pathways subsequent to arterial occlusion is the primary vascular compensation which preserves tissue viability and maintains function. These vessels dilate within seconds (25, 39, 45, 70) , and undergo expansion for weeks (20, 25, 45, 69) .
In various species, the pre-existing vessels are the size of the smallest arteries and they enlarge ~100% (14, 20, 35, 45, 56) . Available clinical studies indicate that subsequent to arterial occlusion in the peripheral circulation, the primary vessels which enlarge as collaterals are pre-existing arteries (4, 29, 57) . The largest of the pre-existing vessels are typically those which become the dominant collaterals (35, 45, 51) . Combined anatomical and modeling studies have predicted that hindlimb flow subsequent to femoral artery occlusion is primarily determined by these collaterals (22, 56) . This is consistent with studies of segmental resistances which demonstrate that compensation in the collateral vessels is of significantly greater hemodynamic importance than adaptations in the distal microvasculature (43, 71, 75) . Nevertheless, few studies investigating mechanisms of vascular compensation subsequent to arterial occlusion in mice have specifically identified and studied these pre-existing vessels which form the primary collateral pathways. Such investigations are needed because angiogenesis and collateral growth are initiated by different stimuli, and differences exist in the molecules and mechanisms which mediate these important processes (7, 11) .
Leukocytes, especially lymphocytes (63, 74) and macrophages (2, 33, 37) , have been indicated to have an important role in vascular compensation to hindlimb ischemia. derived reactive oxygen species (ROS) from bone marrow derived cells (BMDC) have an important role in neovascularization in the ischemic mouse hindlimb. The initial report (66) concluded from microsphere data that collateral growth was impaired, but did not specifically identify collateral bypass vessels or measure their diameters.
In order to investigate the hypothesis that Nox2 NAD(P)H oxidase mediates primary collateral growth subsequent to arterial occlusion, the current study utilized Rac2 null (-/-) and Nox2 -/-mice and a novel method of identifying primary hindlimb collaterals. Rac2 is expressed primarily, if not exclusively, in hematopoietic cells (38, 52) , and binds to and activates the Nox2-containing NAD(P)H oxidase (24, 40) . In addition, leukocytes from Rac2 and Nox2 null mice have impaired function related to reduced ROS production (47, 66, 72) . We present a method to identify a dominant or primary collateral which should be the major collateral supplying flow to the distal limb and utilize this vessel to determine if mechanisms of collateral growth are impaired by Rac2 ablation. Our results indicate that Rac2 is not required for the enlargement of these primary collateral arteries but after severe ischemia resulting from femoral artery excision is required for hindlimb perfusion recovery and distal tissue repair. As these results were unexpected, primary collateral artery enlargement was also investigated in Nox2-/-mice. The response of Nox2-/-mice to arterial excision was similar to that observed in the Rac2-/-mice. Therefore, the results obtained in the current study indicate that enlargement of pre-existing primary collaterals in the murine hindlimb occurs independently of both Rac2 and Nox2.
Materials/methods:
-AnimalsRac2-/-and Nox2-/-backcrossed into a C57BL/6J background for > 12 generations and C57BL/6J wild-type (BL6) mice were studied at age 3-6 month. Rac2-/-and Nox2-/-mice were bred and maintained at Indiana University while C57BL/6 were obtained from Harlan Industries (Indianapolis, IN). Six BL6 and 7 Rac2-/-were used in the initial experiments with femoral artery ligation. For femoral artery excision, 7 BL6, 14 Rac2-/-, and 9 Nox2-/-were used for perfusion studies with half of the Rac2-/-and Nox2-/-being utilized for the morphometric and histological studies. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Indiana University School of Medicine.
-Murine Hindlimb Ischemia Model-
Animals were anesthetized via 2% isofluorane delivered under constant oxygen flow.
The right hindlimb was shaved, the hair was removed with a depilatory agent, and the area to be incised was sterilized by cleansing with iodine and an alcohol prep pad. The animal was then placed on a heating pad to maintain body temperature and aseptic surgical techniques were utilized. An approximately 1cm incision was made from the origin of the saphenous artery to the groin. A schematic of the normal murine hindlimb vascular anatomy is presented in Supplemental Figure S1A . One of two procedures was then performed which produced a femoral artery ligation model with moderate ischemia or a femoral artery excision model with more severe ischemia (61) . In the former, the femoral artery was carefully dissected away from the vein and nerve and ligated with sterile 6-0 silk suture at a point distal to the superficial epigastric artery and proximal to the femoral's trifurcation into the saphenous, popliteal, and geniculate arteries (Supplemental Figure S1B) . In the excision model, an additional ligature was placed on the femoral artery at the level of the inguinal ligament with 6-0 silk suture, all side branches were ligated with 9-0 silk suture, and the femoral artery was excised (Supplemental Figure S1C) . The incision was then closed with sterile 5-0 resorbable suture and the animal was given buprinorphen 0.05 mg/kg subcutaneously for pain maintenance. In all experiments, great care was taken to keep all vessels and tissues moist and to minimize trauma to adjacent tissue in an attempt to reduce local inflammation.
-Laser Doppler Perfusion Imaging-
Laser Doppler perfusion imaging (LDPI) (Model LDI-2, Moor Instruments, Devon, U.K.) of the hind paw plantar surface was performed over the course of 14 days to serially and non-invasively assess the recovery of hindlimb perfusion subsequent to arterial ligation/excision. To control for temperature variation during laser Doppler scanning, the animal was placed on a heating pad set at 37°C as previously described (9) .
Each animal was allowed to acclimate to the heating pad/scanning environment for ≥10 minutes before scanning was performed.
Perfusion Fixation and Vascular Casting-
After day 14 the animal was again anesthetized, the infrarenal abdominal aorta was cannulated in the direction of flow with pulled PE-50 tubing, and the hindlimbs were perfused at a constant pressure (100 mmHg) with 10 ml of 0.9% sterile saline with dilator (10 mM adenosine and 1 mM Na-nitroprusside) and heparin (2.5 U/ml heparin) followed by 10 ml of 4% Zn-formalin. Microfil® vascular casting agent (Flow Tech, Inc. Carver, Mass.) was then slowly injected through the aortic cannula while monitoring the saphenous artery through a dissecting microscope. The Microfil® injection was stopped as soon as the casting agent appeared distal to the most caudal ligation (as it entered the saphenous artery). The collateral pathway through which the casting agent entered the saphenous artery was noted. Some filling of the distal vasculature continued until pressure was equilibrated. The carcasses were then wrapped in Saran Wrap® and stored at 4°C overnight prior to dissection. The number of adipocytes per unit skeletal muscle area was also determined with ImageJ. Globular, adipocyte-like structures were counted with the PlugIn-Cell Counter. Muscle area was determined by converting the images to binary and adjusting the upper and lower threshold bars to select the muscle fibers. For immunostaining, sections were blocked for endogenous peroxidase activity with 3% hydrogen peroxide in methanol following antigen retrieval either in Antigen Unmasking Solution (Vector Laboratories, Berlingame, CA) at 95° C for CD45 staining or in 20ng/ml Proteinase K for 15 minutes at 37°C for CD31 staining. Sections were blocked in 3% bovine serum albumin (BSA, Sigma) for 1 h and were stained for CD31 or CD45 (BD Pharmingen, San Jose, CA).
Purified class-and species-matched immunoglobulins (BD Pharmingen) were used for isotype controls. Sections were incubated with appropriate biotinylated secondary antibody (Vector Laboratories) followed by incubation with 3,3'-Diaminobenidine (DAB, Vector Laboratories) and counterstained with hematoxylin to permit nuclear identification.
Statistical Analysis-
Statistical analyses were performed with two way repeated measures ANOVA unless otherwise indicated (SigmaStat 3.0). When the ANOVA identified significant differences (p≤0.05), the Holm-Sidak method was used for pairwise multiple comparisons. Data are expressed as means ± SEM.
Results:
Identification of Major Collateral Pathways.
Isolation of the primary collateral vessels revealed four different pathways which are illustrated by representative micrographs in Figure 1A . The Gracilis Collateral pathway has been previously described (15, 16, 32, 33, 44, 56) 
Discussion:
Novel and significant aspects of the current study include: 1) the presentation of an improved method of identifying primary collaterals in the mouse hindlimb for the assessment of collateral artery growth, 2) an increase in intimal cell number in the primary collaterals of Rac2-/-and BL6 mice consistent with elevated shear, 3) greater leukocyte mobilization in Rac2-/-mice than BL6 after femoral artery excision, and 4) normal enlargement of primary collaterals in Rac2-/-and Nox2-/-mice despite impaired tissue perfusion and increased skeletal muscle injury in the distal limb.
Assessment of Collateral Growth
While many previous studies have compared diameters of specific vessels in the mouse hindlimb to assess collateral growth (13, 14, 32, 53, 55, 56, 76) , the method presented in this study provides a number of advantages. Controlled perfusion fixation with dilator preserves the vasculature in a consistent state. Slow injection of vascular casting material during microscopic observation helps ensure reliable filling, permits identification of the first collateral pathway through which the casting agent enters the distal vasculature and facilitates dissection of the collateral pathway for diameter measurement. With this method we established that four primary pre-existing collateral pathways exist in the hindlimb (Figure 1 ). The fact that these pathways are the first to provide casting material to the distal vasculature suggests that they are the pathways of least resistance and represent the dominant or primary collaterals. These are the vessels which others have concluded are primarily responsible for distal limb perfusion(22, 56).
This is similar to the clinical situation as the major collaterals in the lower extremity are identified as pre-existing named arteries (23, (29) (30) (31) 57) . We also demonstrated that the primary pathway varies not only between models, but even among different animals within the same model ( Figure 1 , Table 1 ). Similar variation in the collateral pathway exhibiting the greatest luminal expansion also occurs in the rat hindlimb, based upon comparison of angiograms in existing studies (35, 51) and our preliminary observations.
Because of this variation, failure to identify the primary collateral pathway(s) can result in significant underestimation of collateral growth. The identification of primary collaterals and their isolation permits the investigation to be performed at the vessel/local tissue level where stimuli and structural and molecular remodeling should be more uniform in contrast to the isolation of whole muscle sections such as adductors which could contain not only enlarging collaterals but also static and even regressing vessels.
The identification and evaluation of primary or major collaterals is of significant importance since these are the most important vessels in determining collateral conductance.
Intimal Response in Primary Collaterals
In the primary hindlimb collaterals of BL6, Rac2-/-, and Nox2-/-mice, we observed a profound increase in intimal cell number ( Figures 2C, 3C, S4 ). This response was uniform along the circumference and, unlike previous reports (35, 54), did not involve apparent neointimal formation. To our knowledge, this is the first report of such an intimal response in mouse hindlimb collaterals and it was typical of all primary collaterals we observed. The intimal cells were CD31 positive and CD45 negative indicating they are endothelial rather than myeloid or epithelial cells (36) . In preliminary studies we have observed equivalent responses in primary collaterals in the rat and pig hindlimb. This intimal response is similar to that observed prior to luminal expansion in carotid arteries (46, 62) and small mesenteric arteries subjected to chronically elevated flow (59, (67) (68) (69) . Such an increase in intimal cell number can be explained by endothelial cell proliferation/recruitment (59, 62, 67) and is suppressed in collateral vessels which do not enlarge (59, 68) .
Role of Bone Marrow Derived Cells.
Tissue Nox2. Collateral growth has been reported to be impaired in Nox2 deficient mice after excision of both the femoral artery and vein(66); however, this was inferred from tissue microsphere data without supporting morphological assessment of either collateral diameter or number. Occlusion of both the artery and vein would be expected to induce greater alterations in flow and pressure and to impair collateral growth (58) and could explain differences between the current and previous study (66) of hindlimb ischemia in the Nox2 -/-mice.
Vascular Compensation to Arterial Occlusion
Tissue perfusion assessed by LDPI increased significantly in all animals after day 1. Relative to BL6, this increase was suppressed in Rac2-/-and Nox2-/-mice with femoral artery excision( Figures 3A, and 5A ). The reduced perfusion is consistent with the increased lower limb injury (Supplemental Figures S3, and S4 ) observed in the Rac2-/-and Nox2-/-and previous reports in the hindlimb of Nox2 null mice (66, 72) .
Subsequent to femoral artery ligation, the perfusion of the distal tissues is determined by the vascular resistance of the bypass collaterals and the distal microcirculation (43, 71, 75) . The majority of the vascular resistance distal to the occlusion is in the bypass collateral vessels (43, 71, 75) . As compensation occurs and perfusion is increased, the major decrease in resistance occurs in the collaterals with minimal if any decrease in distal microvascular resistance (43, 71, 75) . Comparable studies after femoral artery excision are not available, but we would expect that the collateral resistance would be even greater with femoral artery excision. Based upon this reasoning, we were surprised that perfusion was compromised in the Rac2 and Nox2 null mice when the growth of Table S2 ) and this may also contribute to the reduced recovery of hindlimb perfusion in these animals. Certainly more work is warranted to identify the specific vascular segment and mechanisms responsible for the reduced perfusion observed with severe ischemia in the Rac2 and Nox2 null mice.
In conclusion, Rac2 and Nox2 null mice were utilized with a novel method of identifying primary hindlimb collaterals to investigate the hypothesis that the growth of primary collaterals subsequent to arterial occlusion is mediated by Rac2 and Nox2.
Results obtained suggest that enlargement of pre-existing primary collaterals in the murine hindlimb is independent of both endothelial and leukocyte Nox2. Since collateral growth is modulated if not mediated by elevated flow (26, 48) , this interpretation is consistent with the observation that p47 phox but not Nox2 mediates flow-induced outward remodeling (12) . The observation that endothelial recruitment/proliferation in collaterals is not suppressed in the Rac2 and Nox2 null mice is also consistent with the hypothesis that Nox4 mediates the proliferation (5 and Rac2-/-mice was similarly increased at 7 and 14 days after arterial excision (BL6, n=6 after 7 days and n=8 after 14 days; Rac2-/-, n=4 after 7 days and n=5 after 14 days).
(C) Average intimal cell number is increased significantly in collaterals of both BL6 and Rac2-/-at 14 days after femoral excision (BL6, n=5; Rac2-/-, n=5). 
